The temperature dependence of the light emission for pure CsI crystals has been measured with photomultipliers, and photodiodes with wavelength shifters from 80-300 K. The light yield at 80 K is N = 5 0 ; 0005; 000 photons per MeV. This number was deduced from the numberof electron-hole pairs produced in the photodiode, N eh = 3 9 ; 600 1; 200. The light yield at room temperature is lower by a factor of 15:8 1:0, giving 3; 200 400 photons per MeV. Decay times were measured with a photomultiplier. At room temperature two fast decay components were observed with decay times of 6 1 ns and 28 2 ns. Below 180 K only one component is observed and at 80 K the decay time is 1015 17 ns.
The ATHENA AnTiHydrogEN Apparatus 1 experiment will produce and study antihydrogen atoms at low energies. The formation of antihydrogen atoms is studied in a Penning trap, where antiprotons and positrons are put in close contact. After the recombination of an antiproton and a positron the formed neutral antihydrogen atom is no longer con ned in the trap region and annihilates on the trap wall. The production rate of antihydrogen atoms is monitored by a large solid angle and high granularity c harged particle and -ray detector. This detector detects simultanously the pions from antiprotonnucleon annihilation and the 511 keV -rays from positron-electron annihilation. The pions are detected in silicon microstrip detectors and the -rays in pure CsI crystals. Since the recombination trap works at very low temperature ' 1 K the surrounding annihilation detector cannot operate at room temperature. With good insulation the detector can work in a temperature range of 80 -120 K. In this paper we describe the scintillation properties of pure CsI crystals in the temperature range 80 -300 K. The properties of the silicon microstrip detector modules and the frontend readout electronics are described in another paper 2 .
Pure CsI is used at room temperature as a fast scintillator decay time ' 10 ns in electromagnetic calorimeters at high counting rates 3,4 . However, the light yield at room temperature is only about 8 relative to NaITl. Earlier investigations 5,6 show a dramatic change of the scintillation properties of pure CsI at low temperatures. By going from room temperature to the temperature of liquid nitrogen 77 K the light yield increases by about a factor of 10, but the decay time increases to about 1 s. Since the published results are not very precise and even contradictory, a new investigation was necessary. In this paper we describe those properties of pure CsI which are important for a 511 keV -ray detector at low temperatures. The experimental methods for reading out the UV scintillation light of pure CsI crystals are described in section 2 . Both UV sensitive photomultipliers and silicon photodiodes with a UV to red wavelength shifter were used. The results, the temperature dependence of the light yield and decay times and the absolute light yield at 77 K, are given in section 3 and compared with previously published results. The most important results are summarized in section 4. , the nal dimensions in the ATHENA detector. For maximum light output, the crystals were wrapped with white re ecting te on tape. The crystals were mounted in a vacuum chamber where they could be cooled down to the temperature of liquid nitrogen 77 K. The temperature dependent measurements were done by slowly raising the temperature from 77 K to 295 K. The temperature was monitored with a PT2000 temperature sensor. The wavelength of the scintillation light of pure CsI is in the UV region with a maximum emission at 310 nm at room temperature and 340 nm at 77 K g. 1. To control the systematic errors we used two di erent readout methods. First, we used a UV sensitive 3 4 inch diameter photomultiplier PM from Hamamatsu R1464 with a quantum e ciency Q = 22:8 at 310 nm and Q = 21:9 at 340 nm g. 1. The PM was kept at room temperature and coupled to the crystal with a quartz rod without optical grease, resulting in a low and unknown light collection e ciency. For the measurement of the light yield as function of the temperature see section 3.1 the anode output of the PM was connected with a scintillation preampli er ORTEC 113 and a spectroscopic ampli er CANBERRA 1413, 6 s shaping time. The decay times section 3.2 were determined by measuring directly the output pulses from the anode with a 400 MHz digital oscilloscope. As a second readout method, we used a 1.6 cm 2 silicon photodiode from SINTEF thickness 380 15 m, operating voltage 30-70 V. The quantum e ciency Q of a photodiode is strongly a ected by the wavelength-dependent re ectivity of silicon 8,9 . The measured quantum e ciency g. 1 shows that this e ect is very critical in the UV region below 400 nm. When the diode is coupled to a CsI crystal the e ective quantum e ciency is higher, since the photons re ected from the diode surface are also re ected from the crystal surfaces and have a second chance to enter the photodiode. The in uence of the geometry on the e ective quantum e ciency has been studied by Holl et al. 10 and e ective quantum e ciencies over 90 could be obtained for red light. To get a high and wavelength independent quantum e ciency we used a UV to red wavelength shifter. The readout face of the crystal was coupled to the photodiode with silicon grease. The remaining faces were painted with red dye MODEL MASTER Fluorescent Red FS28915 , ITALERI, 40012 Calderara, Italy and wrapped with white re ecting te on tape. The signal of the photodiode was ampli ed in a preampli er CANBERRA 2003 BT at room temperature outside the cryostat, and further processed in a spectroscopic ampli er TENNELEC TC 205 A with 8 s shaping time. The large improvement due to the wavelength shifter more than a factor of 2 at 85 K is shown in g. 2.
3 Results
Light yield
Light yield measurements were made with the photomultipliers and photodiodes using the 511 keV and 1275 keV -rays from a 22 Na source. As an example, -ray spectra taken with a pure CsI crystal at two di erent temperatures are given in g. 3. The positions of the 511 keV and 1275 keV photopeaks clearly depend strongly on the temperature. The peak positions are proportional to numberof photoelectrons or electron-hole pairs produced in the photomultiplier or photodiode. They are proportional to the numberof scintillation photons produced in the crystal by the absorption of the -ray. The accurate positions of the peaks were determined by tting gaussians with quadratic background in the peak region. The relative light yield normalized to the maximun yield as a function of temperature in the range 80 K to 300 K is given in g. 4. The measurements with the photomultiplier and the photodiode are in good agreement. The strongest temperature dependence occurs around 150 K a temperature di erence of 1 K leads to a 1 shift in the peak postion. For maximum light yield and thus best resolution, the CsI crystals in the ATHENA detector should be kept at a constant temperature below 100 K. Operating the crystals in the region around 150 K is only acceptable if the temperature can bekept constant within a few degrees. The peaks produced by the photoe ect of the 22 keV and 88 keV photons in the silicon diode are observed. The peak just above threshold is due to scintillation photons generated by the absorption of the 88 keV X-rays in the CsI crystal. The inset shows the photopeak produced by the absorption of the 662 keV -rays from a 137 Cs source.
and for the scintillation light of CsITl peak emission at 550 nm. The quantum e ciency for red light ' 650 nm was found to be even higher, Q r ' 97 . With Monte Carlo simulation they also estimated a light collection e ciency of = 0:81 0:03 for their scintillator-photodiode assembly.
Since their geometry is very similar to ours, we assume the same e ciency. Our estimate for the numberof produced scintillation photons in pure CsI is then N 77 K = N eh 77 K Q r = 50; 000 5; 000 = MeV: This large yield is only 20 lower than the 63; 000 3; 000 photons per MeV obtained for CsITl at 295 K 8,9 . Such a yield is also important to get a goodresolution. By using a preampli er directly coupled to the photodiode at 77 K the nal setup in the ATHENA detector 2 we could reduce the electronic noise and get a energy resolution of EFWHM=E = 8.3 for 511 keV -rays g. 6.
From the absolute number of photons N 77 K measured at the temperature of liquid nitrogen and the measured ratio N 77 K=N 295 K we get the numberof photons at room temperature 
